Optical aberration due to the nonflatness of spatial light modulators used in holographic optical tweezers significantly deteriorates the quality of the trap and may easily prevent stable trapping of particles. We use a Shack-Hartmann sensor to measure the distorted wavefront at the modulator plane; the conjugate of this wavefront is then added to the holograms written into the display to counteract its own curvature and thus compensate the optical aberration of the system. For a Holoeye LC-R 2500 reflective device, flatness is improved from 0:8λ to λ=16 (λ ¼ 532 nm), leading to a diffraction-limited spot at the focal plane of the microscope objective, which makes stable trapping possible. This process could be fully automated in a closed-loop configuration and would eventually allow other sources of aberration in the optical setup to be corrected for.
Introduction
Optical tweezers are strongly focused laser beams capable of trapping microscopic particles [1] . They have proved to be a very useful tool for exerting and measuring forces on micrometer-sized objects, and they have promising applications in cell and molecular biology [2] . The introduction of holograms displayed on spatial light modulators (SLMs) has greatly improved the design of optical tweezers [3] [4] [5] [6] . SLMs spatially modify the laser wavefront before the focusing step, resulting in a completely programmable dynamic intensity pattern over the sample plane. Wavefront control easily permits three-dimensional positioning of the traps as well as the creation of beams with special characteristics, such as Bessel or Laguerre-Gaussian beams [7] , which carry angular momentum.
In optical tweezers, the gradient component of the light force needs to be greater than the scattering component to guarantee stable trapping, and thus high numerical aperture (NA) microscope objectives are used to bring light to a tight focus. These are very well corrected to form diffraction-limited optical traps, commonly at small distances from the cover glass. When using oil-immersion objectives to trap samples suspended in water, the quality of the trap degrades rapidly as depth increases due to spherical aberration arising from refractive index mismatch at the glass-water interface [8, 9] . In [10, 11] the axial trapping force was enhanced by correcting this aberration with a deformable mirror. Other aberrations, such as optical misalignment or even aberration caused by the refractive index distribution of the specimen, should be compensated for as well to ensure a diffraction-limited spot. Optical vortices are especially sensitive to aberrations both in their shape and in the distribution of light around their circumference [12] [13] [14] .
SLMs have proved to be a useful tool for generating Zernike polynomials [15] and correcting aberrations in adaptive optical systems [16] [17] [18] . Recently, liquid crystal on silicon (LCoS) technology has provided high resolution, small pixel size, and large fill factors at relatively low costs [19] . An LCoS microdisplay essentially consists of a liquid crystal layer sandwiched between a cover glass and a silicon backplane that contains the drive electronics and that is commonly coated with aluminum to ensure high reflectivity. The microdisplay operates by reflection in a double-pass beam path that increases the phase modulation range and thus makes it particularly suitable for wavefront applications in which 2π modulation depth is desirable.
Unfortunately, the silicon backplane manufactured using standard CMOS methods is not flat [20] , which frequently gives rise to important optical aberration. Such distortion is too strong to ignore when using SLMs for wavefront control in applications such as laser beam steering, diffractive optical element generation, or emulation of atmospheric turbulence. Therefore much effort has been made to measure and correct the static aberrations of LCoS displays, mainly by interferometry. In [18, [21] [22] [23] [22] (Holoeye HEO 1080P) and [14] (Holoeye LC-R 720). In the latter, Jesacher et al. used the high sensitivity of Laguerre-Gaussian modes to aberrations to determine the phase errors from the distorted shape of a focused doughnut mode: a phase retrieval algorithm is applied to find the hologram that would produce the observed distorted doughnut if displayed on an ideally flat SLM and imaged with "perfect" optics. This method could be applied in holographic optical tweezers, in which aberrations of the SLM may dominate and prevent stable trapping of microscopic samples.
Reicherter and co-workers presented [29] a method to correct aberrations in microscopy inspired by astronomy, in which an illuminated microsphere serves as a nearly spherical reference wavefront. Holographic optical tweezers are used to move this artificial point source within the object space, thus enabling spatially selective aberration measurement. The emitted wavefront is analyzed using either a fiber interferometer or a Shack-Hartmann (SH) wavefront sensor. The complex conjugate of the measured distorted wavefront is then written into the same SLM that is used for manipulation of the particle and therefore corrects the trapping light beam itself. This method has been tested for defocus but has never been applied to actual holographic setups. In contrast, Wulff et al. reported [30] a method for correcting aberrations in holographic optical tweezers and showed some results of using a Holoeye LC-R 2500 SLM. The basic idea is to add an appropriate hologram to the SLM display, by arbitrary generation of Zernike polynomials characterizing the unknown wavefront distortion, until a tightly focused spot is obtained, thus optimizing trap performance. The goodness of the correction is quantified by establishing the mean-square displacement of the trapped beads from their respective trapping centers, which is related to trap stiffness. For the SLM used in their study, Wulff et al. showed that astigmatism correction leads to an improvement in the fidelity of the focused spot. The effect of this correction on the performance of the optical trap is most noticeable for small particles (0.8 and 2 μm silica microspheres). They also state that any quantifiable effect was difficult to separate from other aberrations such as coma, trefoil, and spherical aberration.
We have previously shown [31] that the beam reflected by our Holoeye LC-R 2500 modulator, placed at 45°with respect to the optical axis, when focused by the microscope objective in a holographic optical tweezers setup, forms two lines of light instead of a diffraction-limited spot. This prevents stable trapping of microsized particles and imperatively needs to be solved. We manually found a phase function that reversed this effect (similar to astigmatism) and eventually corrected the aberration. However, this was a hard trial-and-error task that needed to be repeated each time the setup was rebuilt to account for slight misalignments of the optical system. Besides, only the central part of the modulator could be corrected for and used for trapping experiments.
We use a SH wavefront sensor to measure the distorted wavefront at the SLM plane. The conjugate of this wavefront is then added to the holograms displayed on the SLM to counteract its own curvature and compensate the optical aberrations of the system. We analyze the quality of the trap before and after correction, and demonstrate that stable trapping is possible after correction using the whole active area of the modulator for hologram generation. We then focus our attention on studying SLM aberration and analyzing whether compensation of loworder astigmatism alone would produce acceptable results. Future work would include exploiting the potentialities of wavefront detection and hologram correction working in a closed-loop configuration in a holographic optical tweezers system, such as dynamic compensation of any source of aberration. Figure 1 shows the layout that combines holographic optical tweezers with adaptive optics for aberration correction. A continuous wave, TEM 00 laser beam (λ ¼ 532 nm) is first expanded and then collimated by lenses LE and LC. A pinhole spatially filters the light at the back focal plane of the expander lens to ensure clean, Gaussian illumination of the SLM. We used an LCoS reflective SLM (Holoeye LC-R 2500), which has an active area of 19:5 mm × 14:6 mm and supports digital video interface (DVI) signals with a resolution of 1024 × 768 pixels (pixel pitch 19 μm, fill factor 93%) [28] . The SLM was tilted 45°with respect to the optical axis [31] and sandwiched between two linear polarizers (P1 and P2) with proper orientations to provide phase-mostly modulation [32, 33] . A beam splitter divides the beam in two: one half enters a commercial microscope to trap microscopic particles; the other is redirected to a SH wavefront sensor. In our setup, a Motic AE-31 inverse microscope equipped with an oil-immersion objective (Motic Planachromat, 100×, 1.25 NA) was used; the beam was reflected upward by a dichroic mirror and focused at the sample plane by the objective. Along the other arm, wavefront distortions were measured with a HASO 32 Imagine Optics sensor [34] , which has 32 × 32 microlenses and an aperture of 5 mm × 5 mm. The telescope formed by lenses L1 and L2 provided parallel illumination to the infinity-corrected microscope objective and imaged the SLM onto both the exit pupil of the objective and the wavefront sensor. To make use of its whole active area, the image of the modulator was scaled down to match the size of the objective back aperture (around 3:5 mm in diameter), and at the same time it was fitted into the sensor aperture. Considering that the longest side of the modulator was reduced by a factor of p 2 due to its 45°tilt, a telescope magnification of 0.25 gave an image of the modulator that slightly overfilled the objective pupil and occupied 22 × 24 subapertures of the SH sensor. If the SLM is placed at the front focal plane of lens L1, its image is formed at the back focal plane of lens L2. To keep the overall length of the optical system reasonably small, the focal length of lens L2 is f L2 ¼ 100 mm, and, consequently, f L1 ¼ 400 mm. Unfortunately, 100 mm is too short a distance to allow us to divide the two beams after passing through lens L2 and before entering the microscope: a periscope system is required to adapt the heights of the beams to the microscope and the sensor, which is assembled on a rotating stage with micrometric controls to facilitate its alignment. This means that, even if lens L2 is duplicated in both arms of the system and thus contributes to the final wavefront on the sensor, the latter does not actually measure possible misalignments of lens L2 and the objective lens in the optical tweezers path. However, we are mostly concerned here with the predominant aberrations caused by the modulator, and we ignore distortions derived from incorrect alignment of the system or from the highly corrected microscope objective. Further developments would allow us to measure distortions of the trap itself, which would then enable us to correct other aberrations such as the spherical aberration of oil-immersion objectives trapping deep into an aqueous medium.
Experimental Setup and Procedure
To ensure that the main aberration was indeed due to SLM nonflatness, we carefully aligned the optical system together with the SH sensor, which was set up to receive an incoming wavefront with minimum tilt and defocus. The wavefront aberration was then measured, and a conjugated correction phase (modulo 2π) was displayed on the SLM, taking into account its modulation curve [32, 33] . This relates phase modulation with the gray level displayed; as images on the sensor have only 22 × 24 pixels, gray level values of the remaining pixels of the SLM were computed by interpolation. Next, the residual wavefront error was measured and added to the previous correction; this procedure was repeated iteratively to obtain a minimal aberration, such that, if no other hologram were added to the SLM, a plane wavefront should be achieved.
Results and Discussion
The distorted wavefront received by the SH sensor at the SLM plane is shown in Fig. 2(a) ; it has a peak-tovalley (PV) value of 7:6λ and a root-mean-square (RMS) value of 1:4λ. These large distortion values are common for reflective LCoS SLMs (see, for comparison, [18, 22, 26, 30] ) and reveal the lack of flatness of the device, which needs to be corrected to obtain diffraction-limited spots and stable trapping. By applying the procedure described in Section 2, after nine iterations we obtained the correction hologram shown in Fig. 3 , which should give an exit plane wavefront when displayed on the SLM. The residual aberration measured by the sensor is shown in Fig. 2(c) , for which the PV and RMS deviations are 1:4λ and 0:1λ, respectively. In the holographic optical tweezers setup, only the inscribed circular area highlighted in Figs. 2(a) and 2(c) enters the microscope objective to avoid diffraction through the rectangular active area of the SLM and to maximize the effective numerical aperture. Then, if we disregard aberrations outside the inscribed round pupil, flatness is improved from 0:8λ RMS (4:7λ PV) to λ=16 RMS (λ=3 PV), yielding a diffraction-limited spot when focused through the objective lens (the commonly accepted diffraction-limited criterion is a RMS error below λ=14). We believe that residual aberrations close to the edges are due mainly to the spatial nonuniformity of the SLM, meaning that its response actually changes from pixel to pixel; when scaling the conjugated phase into gray-level values, we used a single phase modulation curve, which was measured in a central area of the SLM of about 3 mm in diameter [33] , far away from the edges. As pointed out by other authors [18, 22] , aberration correction could be improved by using a spatially varying phase response. In fact, our experimental system could be used to determine the local phase modulation in each of the pixels of the wavefront sensor (which corresponds to an SLM area of about 32 × 32 pixels) by measuring phase changes when each of the 256 gray-level values is displayed on the modulator. A closed-loop configuration would then be desirable to fully automate the process. Moreover, this would allow iterative correction of SLM distortions without previous knowledge of its phase response, just by trial and error.
Figures 2(b) and 2(d) show the simulated spot at the focal plane of the objective lens before and after correction, respectively. They were computed as the intensity of the Fourier transform of the corresponding wavefront at the SLM plane. This relationship is systematically used in holographic optical tweezers for hologram calculation: Fourier transform applies even for high numerical aperture lenses as long as they are well corrected (Abbe's sine condition is fulfilled) [35] . The scale bar was computed taking into account the real characteristics of our experimental setup (numerical aperture, focal length, and wavelength). Gaussian illumination was also included in the simulation.
We compared the quality of the experimental trap before and after correction: the left column of Fig. 4 shows several images of an uncorrected trap for different planes along the optical axis, revealing the lack of symmetry typical of astigmatism (as we see below when analyzing the aberrations of the system); the circular symmetry of the corrected trap at different planes (right column of Fig. 4) shows the improvement of trap quality after aberration correction. It also proves that the main aberration was indeed due to the SLM and not to misalignment of the optical setup. To quantify the correction goodness, we studied the changes in lateral trap stiffness with the number of iterations. When no correction was applied or after the first iterations, we were not able to trap any particle, and thus we could not measure the corresponding spring constant experimentally. Still, we could estimate its value from the slope of the gradient of the simulated spot at the objective focal plane. This is valid in the Rayleigh regime using normalized arbitrary units [36] : we disregard the characteristics (polarizability) of the sample, which is supposed to be the same throughout all the experiments or iterations; the beam power is held constant as well.
We computed the maximum trap stiffness after each iteration. Figure 5 shows a plot of the gradient force for the uncorrected trap and for the corrected traps after one and two iterations, to illustrate the improvement in trap stiffness (slope of the linear region); the three curves are superimposed for comparison (the directions of maximum slope were different). Table 1 lists the lateral trap stiffness in all cases. We can see that its value after nine iterations has improved by a factor of around 34 compared to the original uncorrected trap (iteration 0). Actually, there is a quick increase in trap stiffness after three or four iterations, followed by a slow further improvement, until an optimized trap is obtained, very close to the ideal case corresponding to a perfect focused spot with no aberration. No changes were observed for more iterations. We also checked that there is a correlation between quality of aberration correction (in terms of wavefront RMS errors) and trap stiffness. This agrees with the results presented in [30] , in which they correlate spot sharpness and trap performance.
Finally, we used the corrected trap to stably trap and move a 5 μm polystyrene bead, as shown in Fig. 6 . Linear phase patterns were added to the correction hologram of Fig. 3 to displace the trapped particle to the desired position; spherical wavefronts were also used to move the sample along the optical axis.
Note that it was not necessary in our setup to block the central undiffracted beam, which nearly vanished [33] .
On the other hand, we further analyzed aberrations of our optical system by decomposing the wavefronts inside the circular pupil in Figs. 2(a) and 2(c) by means of Zernike polynomials. We used the first 32 coefficients, as defined in [37] . Table 2 lists the most significant terms, revealing for the distorted wavefront a predominant astigmatism aberration (both third and fifth orders) followed by third-order spherical aberration. After correction, all the Zernike coefficients were below λ=20. Wang et al. reported [26] the predominance of low-order defocus and astigmatism for a Hana Microdisplay device. Hart et al. compared [23] the static aberrations of three BNS devices: they all show important defocus and astigmatism, among other aberrations. The same conclusion can be drawn from [18] .
In our case, the system was aligned to obtain minimum tilt and defocus, which are deliberately not shown in Table 2 . This means that the beam onto the sensor is collimated, and we actually correct any defocus introduced by the SLM by axially displacing lens L2. This procedure is correct as long as lens L2 in the beam entering the microscope is also displaced; in fact, we believe this could even be helpful when aligning the optical tweezers, as we are forcing the beam to be parallel before it enters the microscope objective. In any case, defocus could be compensated at the end by adjusting the observation and the trapping plane, if necessary. Furthermore, excluding defocus from aberration compensation means measuring a less distorted wavefront with the SH sensor and displaying a smoother hologram on the SLM, which is desirable.
So far we have seen that aberrations produced by the SLM curvature can be corrected to obtain a diffraction-limited pattern. Ignoring focus effects, an analysis of Zernike coefficients reveals aberration predominantly due to astigmatism, as reported for other LCoS devices. We wonder now whether correction of solely low-order astigmatism would yield acceptable results; this would allow the use of a simplified method in which no wavefront sensor or interferometric setup would be required, and correction could be achieved by adjusting the few parameters that model low-order astigmatism, as we reported in [31] . When considering the whole circular aperture of the SLM (as indicated in Fig. 2 ), the RMS deviation after astigmatism correction is 0:4λ (1:6λ PV), even in the ideal case in which there was no residual tilt or defocus. We studied the quality of astigmatism correction for smaller apertures: Fig. 7(a) shows the evolution of the RMS error of corrected wavefronts as the diameter of the SLM aperture, which is normalized to the maximum inscribed pupil, diminishes. We can see that to achieve the diffraction-limited criterion of λ=14 for the RMS value, indicated by a dashed line in Fig. 7(a) , we need to reduce the aperture to around 0.65 times the maximum. The hologram displayed on the SLM for this purpose is shown in Fig. 7(b) . This means that the nonflatness of our modulator could eventually be compensated this way if a diaphragm were used to ensure that only the central pixels of the device are illuminated, covering around 40% of its maximum circular aperture or 20% of the rectangular SLM active area. It also explains our previous work [31] : in that case, the hologram compensated both astigmatism and defocus (lens L2 was not artificially displaced, as it was here) and thus required a larger amount of wave variation. Despite these results, using a SH sensor is, in our case, a more convenient solution for accurate nonflatness correction without sacrificing spatial resolution, which additionally enables us to compensate other sources of aberration. Still, for other devices it is worth trying low-order astigmatism correction first: for example, good trap performance after correction has been demonstrated in [30] .
Conclusion
We corrected the aberration of an LCoS SLM used in a holographic optical tweezers setup. We measured the distorted wavefront at the SLM plane with a Shack-Hartmann sensor and iteratively computed a compensation phase hologram, which is displayed on the SLM for self-corrections. RMS deviations improved from 0:8λ to λ=16, ensuring a diffractionlimited trap in the focal plane of the microscope objective, which allows stable trapping and manipulation of microscopic samples. Lateral trap stiffness increases quickly after a few iterations and reaches a plateau of around 34 times the initial value for the uncorrected trap, close to the ideal result for a "perfect" trap. An analysis of Zernike polynomials describing the aberrated wavefront indicates a predominance of astigmatism and third-order spherical aberration. We also demonstrated that correction of low-order astigmatism alone can yield diffraction-limited beams if the active area of the modulator is limited to a central circular aperture. A generalization of this conclusion to other LCoS devices would indicate that aberration can be corrected to some extent with no need for interferometric setups or wavefront sensors. In our case, the use of a SH sensor provides accuracy and reproducibility and enables a series of enhancements to be considered in the future, especially if the wavefront detection and SLM addressing work in a closed-loop feedback configuration: the process can then be fully automated and dynamic distortion correction is feasible, even with no previous knowledge of SLM phase response, which could actually be characterized this way. Furthermore, additional phase patterns can be considered to correct for other aberrations, such as misalignment. In optical tweezers, apart from the well-known spherical aberration of the microscope objective due to refractive index mismatch, aberrations derived from the use of a wavelength of light for which the objective is not corrected and distortions due to nonuniformity of biological samples could also be compensated for. This dynamic generation of wellcorrected traps is one of the benefits of using SLMs in optical tweezers, compared to other beam steering techniques such as acousto-optic deflectors. A prior and necessary step consists in solving the deficiencies of the modulator to guarantee stable holographic trapping, as presented in this paper.
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